Background: Phenylketonuria (PKU) leads to an accumulation of phenylalanine (Phe) in the blood and subsequent neurologic, cognitive, psychiatric, and behavioral dysfunction. Many patients report social isolation and decreased quality of life. Pegvaliase is an enzyme substitution therapy that reduces blood Phe levels in patients with PKU and is associated with a risk of hypersensitivity reactions. Objective: To define the minimum acceptable benefit (MAB) of pegvaliase, i.e., the minimum probability of achieving a blood Phe level < 360 μmol/L, which patients require to tolerate the risks of hypersensitivity associated with pegvaliase. Methods: Adult, pegvaliase-naïve patients with blood Phe levels > 600 μmol/L participated in a patient-preference web survey using two surveys: adapted swing-weighting and thresholding. Participants were asked to make ordinal choices between varying clinical benefit and severity levels for hypersensitivity. Disease effects and treatment satisfaction were also assessed. Results: Among 45 participants, the mean (standard deviation) self-reported blood Phe level was 976.9 (429.9) μmol/L; only 28.8% reported satisfaction with their current treatment. Most (84.4%) indicated difficulty in following a PKU diet; 60% reported that the PKU diet was burdensome, and 58% reported feeling socially isolated. Most (≥69%) reported their MAB to be less than the expected clinical benefit provided by pegvaliase; the mean MAB was 22.7% and 34.4% in the swing-weighting and thresholding surveys, respectively. Conclusion: Most participants felt the burden of PKU on their daily lives, were dissatisfied with current treatments, and were willing to accept the risks of hypersensitivity reactions to achieve recommended blood Phe levels with pegvaliase treatment.
Introduction
Phenylketonuria (PKU) is a rare autosomal recessive disorder that results in elevated phenylalanine (Phe) levels in the blood [1] . In the U.S., the prevalence of PKU is approximately 1 case per 25,000 individuals, and the incidence is approximately 1 case per 2900 live births [2, 3] . Classic PKU, the most severe form, is characterized by complete enzyme deficiency and an untreated blood Phe level of > 1200 μmol/L (vs. a normal range of 50 to 110 μmol/L) [1, 4] . [6, 7] , and blood Phe levels typically may remain elevated despite adherence to the PKU diet [8, 9] . Until recently, the only available pharmacologic treatment option was sapropterin dihydrochloride (KUVAN®, BioMarin Pharmaceutical Inc.); however, it requires residual Phe hydroxylase enzyme activity. Only 25% to 50% of PKU patients are responsive to this treatment, indicating that there is an unmet need for treatment of PKU [1, 10] .
Pegvaliase-pqpz (PALYNZIQ™, BioMarin Pharmaceutical Inc.) was recently approved by the US Food and Drug Administration (FDA) as an enzyme substitution therapy for PKU [11, 12] . The efficacy and safety of pegvaliase have been established in two phase 3 clinical studies, PRISM-1 (NCT01819727) and PRISM-2 (NCT01889862) [13, 14] . All patients enrolled in the study had blood Phe concentrations of > 600 μmol/L for the 6 months prior to enrollment. Blood Phe levels were estimated to reduce to ≤360 μmol/L in 44.0% of patients by 12 months, and in 60.7% of patients by 24 months [14] .
Set against these benefits, 93.5% of patients reported hypersensitivity-related adverse events, with the majority (98.7%) being mild to moderate, including arthralgia (70.5%), rash (34.5%), and pruritus (27.6%). Only a small proportion (4.6%) of these were acute systemic hypersensitivity reactions identified by National Institute of Allergy and Infectious Diseases and Food Allergy and Anaphylaxis Network clinical anaphylaxis criteria [15] , which were further assessed by an independent allergist/immunologist. These events resolved without clinical sequelae, were not associated with elevated immunoglobulin E (IgE) levels in any of the patients, and were thought to have had a type III hypersensitivity response. Therefore, patients with these events were frequently successfully rechallenged without further reactions [14] .
The objective of this study was to identify the minimum acceptable benefit (MAB) of pegvaliase, defined as the minimum probability of achieving a reduction in blood Phe level to < 360 μmol/L, which patients require to accept the potential risks of hypersensitivity/anaphylaxis associated with pegvaliase.
Methods

Data collection
An online survey was used to elicit the preferences of PKU patients regarding clinical benefit and potential risks associated with pegvaliase. Participants were recruited via patient organizations and clinical treatment sites. If they consented to the study, participants were asked to complete the self-reported eligibility criteria and, if eligible, they proceeded to an online survey that took approximately 30 min to complete.
Patients could participate in the study if they met the following selfreported inclusion criteria: ≥18 years of age; residence in the U.S.; PKU diagnosis; previous measurement of blood Phe level; most recent blood Phe level of ≥600 μmol/L within the last 6 months; naïve to pegvaliase treatment; and able to comply with study procedures (e.g., proficiency in English). Participants were excluded from the study if they were pregnant or planning to become pregnant.
The survey included questions on MAB and demographic and clinical characteristics, including age, gender, ethnicity, education, and employment; ethnic background; blood Phe level; current treatment; perceived satisfaction with treatment; and perceived control of Phe level. The effect of PKU on daily life was also assessed, including challenges of and compliance with diet.
MAB questions focused on two attributes (Supplementary Two types of choice questions were used to evaluate participants' MAB for pegvaliase: adapted swing-weighting and thresholding. Participants' understanding of the attribute descriptions and elicitations tasks were tested with 15 participants before the main surveys were administered. In the adapted swing-weighting survey, participants were asked to rank changes in performance on attributes [16] . The task was iterated five times, with the blood Phe level improvement updated according to the response to the previous question ( Supplementary  Fig. 1 and Supplementary Fig. 2 ).
In the thresholding survey, participants were asked to select between two hypothetical treatment options (current treatment and a new treatment) with varying probabilities of achieving target blood Phe levels and having hypersensitivity reactions. The new treatment was described as an injectable that would not cost more than the current treatment. Again, the question was iterated five times with the benefitto-risk profile of the "new treatment" updated for each subsequent question according to the participant's response to the previous question/scenario (Supplementary Fig. 1 and Supplementary Fig. 3 ). The goal was to identify the threshold for the minimum amount of clinical benefit required given the treatment risks.
Analysis
Participant data were excluded from the analyses if the total time spent on the survey was ≤10 min. Continuous variables were summarized using descriptive analyses (mean, standard deviation, and range). Categorical variables were summarized using frequency statistics. All analyses were performed using SAS version 9.4. P-values were generated using analysis of variance (ANOVA) or Fisher's exact test.
The elicitation exercises allowed the MAB to be identified within a range of a few percentage points (Supplementary Fig. 1 and Supplementary Table 2 ). The mid-point of this range was then taken as a point estimate of the participant's MAB. Participants needed to complete all of the choice questions to be included in the analyses.
Upon review of responses, high MAB was defined as ≥91% (participants would effectively not take pegvaliase regardless of its clinical benefit) and low MAB was defined as ≤4% (participants would take pegvaliase regardless of the associated probability of hypersensitivity reactions).
At the end of the thresholding exercise, participants were asked to answer a free-text question about their thought process for selecting a treatment option. After responses were reviewed, motivations were coded as follows: 1) avoidance of hypersensitivity reactions; 2) improving blood Phe level; 3) concern about administration methodfear of injectables; and 4) desire to try a new treatment. Participants were removed from the analysis if their MAB was not consistent with their answers. For example, if their MAB was high, participants were excluded if they did not identify a negative element of treatment that would stop them from taking it (e.g., priority to avoid hypersensitivity reactions). In cases where a large difference (> 33%) was observed between the two MABs, participants were excluded unless their motivation justified their different responses.
Results
A total of 57 participants were eligible for the study and completed the survey. Upon data review and validation, data from 45 participants were included in the analyses. Reasons for exclusion included time for survey completion being ≤10 min (n = 3), previous use of pegvaliase (n = 3), and inconsistency between MAB responses and reasoning provided in the free-text response (n = 6).
Demographic characteristics are presented in Table 1 . The mean age of participants was 34.4 years (range, 18-59). The majority were female (n = 28; 62.2%) and white (n = 43; 95.6%). Additional demographic information is provided in Table 1 .
Participant-reported disease characteristics are also presented in Table 1 . The mean (standard deviation) self-reported blood Phe level (within the previous 6 months of the study) was 976.9 (429.9) μmol/L (range, 600-2301 μmol/L). The proportion of participants with blood Phe level between 600 and 900 μmol/L was > 50%. Reported PKU treatment included various combinations of sapropterin dihydrochloride, medical food, low-protein diet, and other treatments; 48.8% of participants were receiving sapropterin dihydrochloride as part of their treatment plan, and 77.5% were taking medical food and/ or on a low-protein diet, with only 1 participant (2.2%) not seeking treatment. Only 28.8% reported satisfaction with their current treatment. Most participants (84.4%) indicated difficulty in following a PKU diet.
Greater than 50% of participants reported concerns for each of the following cognitive capacities: making careless mistakes; difficulty keeping attention; avoiding or delaying getting started when a task requires a lot of thought; getting distracted by noise or activity; and misplacing or having difficulty finding things at home or work. Participants reported the following effects of their PKU diet: feeling burdened most of the time to weigh/measure/estimate the protein content in their food (60%); feeling left out at least some of the time due to their disease (58%); and feeling less able to lead a normal social life with family and friends most of the time (48.9%). Also, 73% of participants felt that their PKU diet prevented them from getting sufficient nutrients ( Supplementary Fig. 4 ). Non-compliance within the previous 7 days (lack of adherence to their PKU diet for ≥1 meal/week) was reported by 76% of participants, and lack of compliance ≥6 times in the last 7 days was reported by 18% of participants. The mean blood Phe level increased with the number of meals missed by participants, but the association was not statistically significant (Supplementary Table 3 ).
The mean MAB was 22.7% for the swing-weighting exercise and 34.4% for the thresholding exercise ( Table 2 ), meaning that patients (n = 1) and "Living in a college dorm" (n = 2).
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were willing to tolerate the risks of pegvaliase for a 22.7% and 34.4% chance of achieving target blood Phe levels < 360 μmol/L. There were no obvious patterns of effect due to age, blood Phe level, perception of PKU control, or satisfaction with treatment on the MAB results. Fig. 1 shows the distribution of MAB across participants for the chance of achieving target blood Phe levels. Most participants (82% in the adapted swing-weighting exercise and 69% in the thresholding exercise) reported a MAB that was less than the estimated probability of achieving a blood Phe level of ≤360 μmol/L when using pegvaliase [14] .
Of the 8 participants who reported a MAB of > 91% in either exercise, reasons for their unwillingness to receive the new treatment included that the new treatment was an injectable (n = 1); concern about the cost of the treatment (n = 1); the risk of hypersensitivity reaction was not worth tolerating (n = 3); and concern about both injectables and hypersensitivity reactions (n = 3).
The MAB increased by > 33 points from the adapted swingweighting exercise to the thresholding exercise for 8 participants.
Refusal to take an injectable (n = 4), which was part of the thresholding exercise but not part of the swing-weighting exercise, was a main explanation for this difference. Another reason was the risk of lifethreatening reactions (n = 2), which suggested that the safety risks might have been more apparent to participants in the thresholding exercise (where a treatment choice was being made) than in the adapted swing-weighting exercise. For the remaining participants (n = 2), the reason for the increase in MAB from the adapted swingweighting exercise to the thresholding exercise was not specified.
For 1 participant, the MAB was decreased by approximately 30% from the adapted swing-weighting exercise to the thresholding exercise. The swing-weighting exercise elicited preferences for changes in outcomes independent of the cause of the change. The thresholding exercise introduced a cause -a new treatment. The participant whose MAB changed by 30% referenced this cause as the reason for their responses to the thresholding exercise. That is, the patients would be willing to access a smaller benefit to access a new treatment. As stated earlier, treatment characteristics were not part of the adapted swingweighting exercise.
Discussion
Patients with PKU are willing to tolerate a risk of hypersensitivity reactions associated with pegvaliase in exchange for an increased likelihood of achieving an improvement in blood Phe level to ≤360 μmol/L. Most participants in both the adapted swing-weighting and thresholding exercises indicated that they were willing to tolerate a risk of hypersensitivity reactions, demonstrating that PKU patients have Table 2 Minimum acceptable benefit of the new treatment for PKU (N = 45). MAB, minimum acceptable benefit; Phe, phenylalanine; PKU, phenylketonuria; SE, standard error. a ANOVA was used to generate P-values for these comparisons. Fig. 1 . Minimum acceptable benefit for Phe reduction to < 360 μmol/L. The distributions of MAB across participants (N = 45) for the chance of achieving a blood Phe level < 360 μmol/L ranged from < 1% to > 91%. Eighty-two percent (adapted swing-weighting survey) and 69% (thresholding survey) of participants reported a MAB that was less than the chance of achieving a blood Phe level < 360 μmol/L (44%). MAB, minimum acceptable benefit; Phe, phenylalanine. *The chance of achieving a blood Phe level of ≤360 μmol/L with pegvaliase treatment.
a strong desire to control blood Phe levels and are willing to accept some risk to do so. Consistent with previous studies, a large proportion of participants felt the burden of the disease on their daily lives, including problems with neuropsychological function, lifestyle, and social challenges associated with their PKU diet [6, 7, 17] . In a survey of 474 PKU patients, > 90% of respondents indicated that the development of new treatments for PKU was important to them [5, 18] . The results of the current study indicate that PKU patients are not generally satisfied with their treatment options and desire new treatment options due to the perceived difficulties with current standard-of-care of a severely restrictive diet. Notably, the participants appear to indicate that they are willing to accept a treatment option that has significant risks over a predominantly dietary restriction approach with relatively limited risks. A similar MAB trend was observed in patients with other metabolic disorders like type 2 diabetes mellites. In an online discrete-choice experiment survey conducted in Germany and Spain, responders were willing to have lower rates (or improvements) of side effects over efficacy, route of administration, and dosing frequency [19] .
There is no "gold standard" method for collecting patient-preference data as part of a benefit-risk assessment, and recent FDA guidance acknowledged that several methods may be used [20] . In this study, the elicitation instruments were selected for three reasons: the minimum acceptable level of a single benefit endpoint could be determined; a large sample size was not required; and simple questions could be used, which reduced the cognitive burden on participants [21] .
A limitation of the study is the relatively small sample size (n = 45), which did not allow for meaningful subgroup analyses. Furthermore, the sample differed from the overall PKU population and that seen in clinical trials, including a lower mean blood Phe level (976.9 μmol/L vs. 1200 μmol/L in the general PKU adult population in the U.S. [8] ; the survey findings may be different in a population with more severe disease. Despite only enrolling PKU patients with a blood Phe level of > 600 μmol/L, the proportion of participants with Phe levels between 600 and 900 μmol/L was relatively high (> 50%), which suggests that participants had better control than the average adult patient with a blood Phe level of > 600 μmol/L. This may be due to the sample being recruited from patient organizations and clinical sites, a population that might be expected to have better metabolic control vs. patients who are lost to follow-up. It is estimated that > 70% of PKU patients in the 19 to 45-year age group are not being followed in the clinic [22] .
Patients with PKU may lack accurate self-perception regarding their health and cognitive impairment and/or may struggle with focus/attention for an extended period [23] [24] [25] . Given this and the subjectivity of self-reports, patient responses to certain health-related questions may underreport their actual health situation. The effect of this limitation may be less for lifestyle-related questions, and the tests of consistency within the survey suggest that these factors do not invalidate the results.
Conclusion
The treatment burdens of PKU disease are high, and there is an unmet need for effective clinical treatment. This survey shows that PKU patients value the clinical benefits provided by pegvaliase. In exchange for the chance to reduce blood Phe levels, participants were willing to accept the risk of hypersensitivity reactions and the delivery of pegvaliase via a subcutaneous injection.
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